To establish hand-held dynamometry (HHD) maximal isometric muscle torque (MIT) reference values for children and adolescents who are developing typically. Methods: The MIT of 10 upper and lower limb muscle groups was assessed in 351 Caucasian youth (4 years 2 months to 17 years) using a standardized HHD protocol, previously shown to be feasible, valid, and reliable. Results: The mean MIT and 95% confidence interval of the mean for all muscle groups, for each of the 14 age groups (1 year age span for each group), and for each sex, were reported in both absolute ( 
INTRODUCTION AND PURPOSE
Muscle strength is an important clinical measure in pediatric rehabilitation. Limitations in walking, running, and rising to standing, for example, are related to muscle strength in several different clinical groups. [1] [2] [3] [4] [5] [6] [7] Moreover, physical capacity as measured using standardized clinical tests has been shown to improve with improvements in muscle strength.
Since children with physical disabilities often have bilateral impairments, a comparison muscle group "outside of the person" may be necessary to identify muscle weakness. 9 This implies the use of reference data in the absence of true normative values. Since muscle strength increases with growth and maturation, these types of data may also provide information on the extent of, or changes in, the strength impairment that cannot be detected by simply comparing strength values for the same individual over time. For reference values to be useful in clinical decision making, however, they need to be obtained using methods that are clinically feasible and that yield valid and reliable data, such as hand-held dynamometry (HHD). 2, [11] [12] [13] [14] [15] [16] [17] Other methods commonly used in the clinic or in research have limitations that render them less useful in clinical decision making. For example, manual muscle testing, while clinically feasible, often has problems with validity because of the subjectivity of the grading system. 4, 10, 11 Isokinetic dynamometry, a method with sound psychometric properties that is frequently used in research, is often not clinically feasible because the equipment is costly and requires user training and space for housing. It may also require additional specific mechanical arm segments for children, and some adolescents as their limbs are often too short to fit the standard arm segments that are typically provided with this type of equipment. Given limitations of manual muscle testing and constraints of isokinetic equipment, HHD has emerged as a promising alternative to these other methods for muscle strength evaluation in the clinic. 2, [11] [12] [13] [14] [15] [16] [17] Only a few studies, however, have established reference strength data using HHD in youth, and the reference values published to date have several limitations. 9, [18] [19] [20] [21] [22] [23] [24] [25] No single protocol has been used to evaluate muscle strength across a wide age range. To obtain values for youth between 3.5 and 18 years, one needs to go to several different articles that used different HHD protocols. This means it can be difficult to separate real differences in strength from differences due to the protocol. As well, strength values are often reported as force in kg or Newtons and not as torque in Newton-meters. [18] [19] [20] [21] [22] 24 This means the effect of height differences (or lever arm differences) on muscle strength is not completely accounted for. The number of participants per age group for existing reference data is also small. 9, 18, 21, 24, 25 In addition, some of the testing positions used to derive these values are not feasible for certain clinical populations as they require effort against gravity or they have insufficient stabilization. 9, [18] [19] [20] [21] 24 The choice of equipment or test used for some existing reference data is also inappropriate (eg, measuring strength using an HHD with a spring-loaded cell, the use of a break test or a 1-repetition maximum, HHD protocols with poor ergonomic or stabilization procedures). 18, 20, 22, 24, 25 For other reference data in the literature, the validity of the values is questionable because the maximal force that can be validly measured with an HHD for the target muscle group is below its maximum isometric force. 9, 18, 21 Prediction equations available in the literature are also limited, mainly because of large standard errors due to small sample sizes or a failure to take into account all the predictor or confounding variables. 9, 19, 20, 24 We have recently developed a HHD protocol to assess maximal isometric torque (MIT) in several upper and lower limbs muscle groups for children and adolescents 4 to 17.5 years old. 26 The protocol is feasible over this age range and MIT values for youth who are developing typically are valid and reliable. 27 More specifically, the mean concurrent validity (intraclass correlation coefficient [ICC]) of these MIT values with values measured using a Cybex isokinetic dynamometer varies from 0.78 to 0.93 (depending on the muscle group) with the exception of ankle plantar flexors (ICC = 0.48). 27 The intra-and interrater ICCs for reliability vary from 0.70 to 0.98, again depending on the muscle group. 27 The main objective of this study was to establish, using our standardized HHD protocol, MIT reference values for children and adolescents who are developing typically, for 10 muscle groups of the upper (shoulder abductors and external rotators; elbow flexors and extensors) and lower (hip abductors, flexors, and extensors; knee flexors and extensors; ankle dorsiflexors) limbs. We elected to establish reference values, as a first step, with the understanding that normative values are the standard for establishing strength deficits and that reference values can at best give only an estimate of strength deficits. The secondary study objectives were (1) to compare the variations of torque between absolute and reference values, and (2) to compare the profiles of muscle strength progression between boys and girls, across age groups, and between upper and lower limbs.
METHODS

Participants
A random, probabilistic sample of 4-to 17-year-old youth who were healthy, developing typically, white and French speaking, living in a medium-sized (population of 150 000-400 000) North American city with medium socioeconomic status was established from lists from private and public daycare, elementary and secondary school classes. The participants recruited for the study were all volunteers who had accepted the offer to participate transmitted to them and their parents via daycare, primary and high school staff. Potential participants were included if they were able to take part in muscle strength assessment by HHD. They were excluded if they had a history of medical, neurological, or musculoskeletal impairments that could affect torque measurements, documented trauma in the 12 months prior to the study, or if they were taking medication or participating in competitive sports during the time of the study. Written informed consent was obtained from the parents, with assent obtained from the participants. The study was approved by the administering institution's ethics review board and by the school boards involved.
Instrumentation and Procedures
The maximum isometric muscle strength of the hip flexors, extensors and abductors, knee flexors and extensors, ankle dorsiflexors, shoulder abductors and external rotators, and elbow flexors and extensors was assessed with a recently calibrated Chatillon push-pull HHD (FCE-500, Ametek TCI Division, Chatillon Force Measurement Systems, Largo, Florida). The dynamometer was crosscalibrated with reference weights in both the compression (push technique) and distraction (pull technique) modes. The standardized positions and HHD placement for each muscle group tested are described in detail in the Appendix. As noted above, the protocol has established feasibility, validity, and reliability. 27 An antislip surface was placed under the person being evaluated during all tests.
A "make" test was used. For a make test, the examiner holds the HHD stationary, whereas the participant exerts a maximal force against it. This ensures isometric contraction. A make test was chosen over a break test because break tests have questionable reliability for measuring muscle strength using HHD for most muscle groups and the procedure puts children at a higher risk of injuries than a make test. 17, 28 When using make tests with muscles that exert a large force, however, the examiner may "unconsciously" exert a counterforce that is slightly higher than the tested muscle's force. This creates a quasi break test condition, that is, a nonisometric muscle contraction. To prevent this from happening, our protocol uses the distraction mode or pull technique for muscle groups that are particularly strong (hip flexors and extensors). With this mode, a nonelastic strap is used between the thigh segment and the hook of the dynamometer so that resistance can be in a "pulling" direction. Use of the strap also provides more stability to the examiner and allows him or her to resist much higher forces than the individual would otherwise be able to do. For all other muscle groups, our protocol uses the compression mode. When developing this protocol, we also found that extra leg stabilization was needed when evaluating knee extensor MIT. For this muscle group, the participant sits at the edge of the evaluation table. The dynamometer is inserted between the anterior surface of the leg and the strap, with the strap itself attached to the leg of the table. The strap is also tightened to ensure 90
• of knee flexion. In this way, the leg is well stabilized and the strap resists the isometric knee extension during the test, which minimizes examiner effort. The following factors are also standardized with our protocol 27 : (1) the verbal instructions provided before testing, (2) the verbal encouragements given during the testing, including the tone of voice and choice of words, (3) the position of both the experimenter and the participant (see Table 1 of Hébert et al 27 ), (4) the position of the dynamometer and its accessories, (5) the order of the muscles tested, and (6) the execution of the tasks by the participant.
Six physiotherapists (2 per school) took the measures. The physiotherapists had received standardized, 3-day training (available from the College of Physiotherapists of Quebec-OPPQ, ISBN 2-9809219-1-2, the 3rd ed, ISBN 2-9809219-2-0). On the basis of prestudy testing, the evaluators for this study showed very good reliability with ICCs varying from 0.84 to 0.98 (intrarater) and from 0.81 to 0.96 (interrater). All measures were taken during 1 testing session. Both legs were assessed in the older participants. For those 4 to 8.5 years of age, only 1 side (randomly determined) was assessed because of their limited endurance. For all muscle groups, 3 trials per side were completed. The peak force was recorded for each trial. The mean of the 3 trials was used for the analyses. Before each trial, the participant performed 2, submaximal contractions of about 50% maximal effort. This was done as a warm-up and to ensure that the task was well understood and that stabilization was adequate. Each contraction was progressive and was held 10 seconds followed by a 60-second rest period. Height and weight measurements were done prior to the strength testing using a medical scale and height measurement system. The most common method of accounting for lower limb muscle strength differences related to body size (and not muscle weakness per se) is to divide the muscle force or torque values by the individual's body mass. 29, 30 This approach was used in this study.
Study Design and Data Collection
This was a descriptive study in which a specific number (n = 364) of children and adolescents were recruited. This sample size was based on the statistic of the standard width of the confidence interval (CI), where W represents the total width of the CI and S the standard deviation (SD). 31 The following formula was used: N = 4zα 2 S 2 W 2 , where zα = 1.96 when α = .05, S = 6.7 (highest SD obtained in our previous study) and W = 8 (largest 95% CI obtained from our previous study). 27 From a clinical standpoint, the width of a 95% CI is important as it indicates the range within which one can be 95% certain that the true effect lies. Our calculations showed that we required 10.8 participants per sex per age group. We added 15% more participants in case of data loss for a total of 12.4 participants per age group per sex, which we rounded to 13 per group (age and sex). We therefore recruited an equal number of girls and boys (13 girls and 13 boys) for each of the 14 different age groups in this study, from 4 years to 17 years of age.
Data Analysis
The Kolmogorov-Smirnov and the Shapiro-Wilk tests of normality were performed for each muscle group's torque data (n = 354) (pooled for age). Data were considered to be outliers (and thus removed) when they were greater than 3 SDs from the mean. For all muscle groups, we used the Levene test to verify the assumption of equality of variances between groups. Descriptive statistics (mean and SD) of MIT (Nm) and normalized MIT (to body mass, Nm/kg) were calculated for all muscle groups and for all age groups for both boys and girls. These values represent the reference values per age group. The lower and upper bounds of the 95% CI of the mean of these values were also calculated. A multivariate analysis of variance (14 [age] × 2 [sex] × 10 repeated measures [muscle groups]) tested for significant differences between age groups and between boys and girls. When the multivariate Wilks λ of the interaction was significant, univariate post hoc tests with a Bonferroni correction were used to examine pairwise differences. The Pearson product-moment correlation coefficients were used to quantify bivariate relationships between torque and age, mass, and height. Stepwise multiple regression equations were used to determine the extent to which height, body mass, and age group predicted torque for the various muscles evaluated. All statistical analyses were performed using SPSS (SPSS 21.0 for Windows, Armonk, NY, USA), and significance was set at α < 0.05 except for multiple comparisons where the alpha value was a more conservative α < 0.005.
RESULTS
A total of 351 participants were recruited with 12 to 13 participants per sex per age group except for the 4-year-old group (n = 11). Torque data were normally distributed for all muscle groups except for knee extension and hip flexion. There were 2 outliers for knee extension (a 5-year-old boy and a 13-year-old girl) and 1 for hip flexion (a 17-yearold boy). These data were not included in the final analyses; thus, the results are based on 348 participants. The mean and SD for the MIT values for all muscle groups of both sexes according to each age group are reported in Table 1 (absolute values in Nm) and Table 2 (torque values normalized to body mass in Nm/kg) whereas the lower and upper bounds of the 95% CI of the mean of MIT values in Nm, and the mean of MIT values normalized to body mass in Nm/kg are reported in Table 3 and Table 4 , respectively.
As shown in Table 1 , a trend was seen for all muscle groups of boys to have higher torque values (Nm) than girls beginning with the 10-year-old group, as indicated by the light gray column. This difference is significant for the 15-, 16-, and 17-year-old age groups (P < .0001). The pattern was similar for the torque values normalized to body mass (Nm/kg), and some intersex differences did appear at younger ages than with the torque values. The male participants produced significantly greater (P < .001) torque in shoulder external rotation, elbow flexion and extension, hip flexion, extension, and abduction and in knee flexion beginning with the 14-year-old age group. Male participants 15 years and older were stronger than females in the same age groups for all muscle groups (P < .0001). Around the age of 12 to 13 years, a more abrupt change a The light gray area shows the change in the trend for the boys to be stronger than girls, whereas the numbers within the dark gray show the more abrupt change in the strength progression in both girls and boys across age groups. b Mean torque and standard deviation (SD) values are reported in Nm. c Significant torque differences between girls and boys for all muscle groups in these age groups (P < .0001).
TABLE 2
Mean a The light gray area shows the change in trend for the boys to be stronger than girls, whereas the numbers within the dark gray show the more abrupt change in the strength progression in both girls and boys across age groups. b Mean torque and standard deviation (SD) values are reported in Nm/kg. c Significant torque differences between girls and boys for all muscle groups in these age groups (P < .0001). d Significant torque differences between girls and boys for these specific muscle groups in these specific age groups (P < .001).
in the strength progression for all muscle groups was noted as observed from the torque values within the darker gray column (Table 1) . But when using the torque values normalized to body mass (Nm/kg) as the reference values, the trend for the boys to be stronger than girls is shifted to the age of 9 years as indicated by the light gray column (Table 2) , and the more abrupt change in the strength progression is shifted to around the ages of 11 to 12 years. This later observation, however, applies mainly to the stronger muscle groups such as the shoulder abductors, the elbow flexors, the hip extensors, and the knee extensors as indicated by the values within the darker gray areas ( Table 2 ). The strongest muscle groups, for both absolute and torque values normalized to body mass, are by increasing order, the shoulder abductors, the elbow flexors, the elbow extensors, and the shoulder external rotators (upper limb) and the hip extensors, knee extensors, hip abductors, hip flexors, knee flexors, and ankle dorsiflexors (lower limb). Strong, significant, positive correlations (r = 0.81 to 0.90; P < .01) were found between torque and body mass, height, and age for all muscle groups. For the upper limb muscle groups, stepwise multiple regression equations revealed that body mass accounted for the greatest percentage of the variance (83%-88%) in torque values. Adding age (mass + age [r 2 = 0.83-0.90]) and height (mass + age + height [r 2 = 0.86-0.90]) slightly improved the equations predictive value for all muscle groups. For the lower limb, for all muscle groups, a similar profile was found (r 2 = 0.76-0.81 for mass; 0.83-0.92 for mass + age). The addition of height (mass + age + height) did not improve the prediction of torque (r 2 = 0.83-0.89).
DISCUSSION
In this study, MIT reference values for Caucasian children and adolescents who were developing typically were established for 10 upper and lower limb muscle groups, using a standardized HHD protocol. Variations in torque between absolute and normalized to body mass values, and comparisons between the profiles of muscle strength progression between boys and girls, and between upper and lower limbs and across age groups were also reported. Finally, the extent to which body mass, age, and height predicted torque was determined. Very few outliers (n = 3, 0.85%) were found. There was no pattern for the outliers. They varied in age, sex, and muscle group. The final analyses were done with 348 participants. Strong correlations were found between torque and body mass, height, and age for all muscle groups in this present study. As reported by others with age groups similar to our own, 9, 20 we found that body mass and age are the strongest predictors of strength when comparing across a wide age range. Although height has also been found to be a strong predictor of muscle strength in youth, this seems to apply to younger cohorts, that is, those of the age of 6 to 8 years. 23 A large sample of longitudinal data that tracks participants throughout childhood and adolescence is required to precisely determine the best predictors of muscle strength. As expected, no strength differences between sexes were observed for the younger age groups (those 14 years of age and younger). This finding is similar to previous work that showed that most strength differences between girls and boys occur after 12 to 13 years of age. 9, 20 The more abrupt age-related change in the strength progression in both girls and boys that began at 11 to 13 years of age may be related to puberty, as also reported by others. 9, 20 Changes in torque with age may reflect agerelated improvements in coordination, more efficient neuromuscular activity, and muscle growth, processes which occur at different rates and to a differing extent in the various muscle groups. 30 Eek et al 9 used a device similar to ours, and our results for torque values for the 5 to 15 years old are similar to theirs (within 1 SD of their values) except for the knee extensors of the 15-year-old adolescents and the ankle dorsiflexors for all age groups. For the knee extensors, the 15-year-old group in our study had higher values (>1 SD difference) than those in the Eek et al 9 study. This may be due to the use of a strap in our study, as this technique provides stabilization not present without its use. This means that higher isometric forces may have been able to develop (and be resisted by the examiner) using the present protocol compared with the protocol used by Eek et al. These differences may not have been present in the younger age groups due to their lower torque values. This suggests that the strap has an advantage in situations with higher torque values. For the ankle dorsiflexors, our values are consistently lower (>1 SD difference) than those of Eek et al. This suggests a methodological bias that can be attributed to differences in the lever arm measured and position of the HHD relative to the axis of the tibia. Because of the foot anatomy, if the surface of the dynamometer is placed perpendicular to a foot surface that is oblique relative to the axis of the tibia, the evaluator may record a force that is a combination of ankle dorsiflexor and evertor forces. In our study, the body of the HHD was always placed parallel to the axis of the leg centered on the second metatarsal. This ensured that the resulting force vector recorded by the device was always 1 at 90
• relative to the surface of the foot and parallel to the longitudinal axis of the tibia. This technique allows recording a resulting force vector that is in the plane of dorsiflexion, meaning the force is more likely to be created only by the dorsiflexors.
Macfarlane et al 23 used a Microfet II HHD and reported isometric torque reference values for 6-to 8-yearold children. Our results for these age groups are similar to theirs where comparable muscle groups exist (hip abductors, knee flexors, and extensors), with 1 exception. The values reported by MacFarlane et al for the hip flexors are slightly higher than ours. This may be due to protocol differences. Macfarlane et al measured the hip flexors in sidelying with knees and hips flexed at 45
• , which results in a lengthening of the hamstrings muscles compared with the position we used.
With regard to normalization of muscle strength, in youth, comparisons of muscle strength can be confounded by changes associated with growth such as body size or other growth-related parameters, which may hinder meaningful comparisons of strength measurements between groups, patients, or time points. The approach most commonly used for normalizing lower-extremity strength data in both children and adults is to divide force or torque measurements by the individual's body mass. 29, 30 This is the approach that was used in this study, and torque values normalized to body mass in Nm/kg were reported per age group and sex. Unfortunately, no comparisons could be made with reference values in Nm/kg as to best of our knowledge, no such data were reported and this comment also applies for the 95% CI that were presented in this paper.
One of the main strengths of this study was the training of the evaluators and the calibration of the equipment prior to testing. The clinical utility of HHD measures, like any measure, is related at least in part to the quality of the information. One of the main threats to the validity and reliability of HHD is the capacity of the evaluator to resist the client's muscle force, especially when the muscle group being assessed is strong. In our clinical, teaching, and research experience with HHD, measurement errors from psychological (eg, motivation, attention, and concentration), biomechanical (eg, lever arm, angle of dynamometer, and plane of movement), and physiological (type of contraction, pain, motor unit recruitment, and length of agonist muscles) factors can be minimized with proper equipment, training, and practice. Optimal use of the reference values in this study also implies that the clinician is using well-maintained and calibrated equipment and that he or she has had sufficient training and practice to apply the protocol correctly and consistently. Best practice assumes that clinicians are adequately trained in the techniques that they use and that they maintain their skills. Introducing the use of HHD is no different than when a therapist is learning a new modality such as acupuncture, joint mobilizations, spinal manipulation, or soft tissue techniques. The proper use of any new modality of assessment or treatment requires new knowledge and additional skills that are acquired through structured training, practice, and adequate certification.
A second study strength is it provides reference values over a wide age range, for a large number of upper and lower muscle groups. Given that some children and adolescents use assistive devices to walk (and thus bear weight through their upper limbs) and given that some have bilateral upper and lower limb muscle weakness, reference values for both the upper and lower limbs are clinically useful. Thus, the reference data established in this study may help clinicians identify strength deficits in clients with conditions such as cerebral palsy, spina bifida, or various muscular dystrophies.
LIMITATIONS
A limitation of this study was the use of a somewhat small, convenience sample of youth that lived within a similar geographic location and were from a similar socioeconomic class. Thus, the reference values obtained may or may not be representative of the entire population of youth in the age groups assessed and therefore they cannot be considered normative values. Although the reference data presented in this study can be useful in clinical decision making, given the absence of normative data in the literature, a larger, more representative sample would obviously enhance the clinical utility of the data. Another limitation of this study is the approach used to normalize strength data, which was to divide the torque measurements by the individual's body mass. As noted above, longitudinal data would provide a better indication of the best methods for accounting for differences due to growth, maturation, and the interaction between these factors and sex. Finally, our study is also limited in that the intra-and interrater reliabilities of our protocol for children younger than 13 years and the concurrent validity of MIT with Cybex assessed by our HHD protocol for these youngest children are unknown. Further work is needed to establish this reliability and concurrent validity.
CONCLUSION
This study provides MIT reference values for several upper and lower limb muscle groups for children aged 4 years to 17 years who are developing typically. An HHD protocol that has previously been shown to be feasible, valid, and reliable was used to determine these values. These reference values may be helpful in the identification of strength impairments in several pediatric populations, especially when bilateral muscle strength impairment is present.
